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Gallid herpesvirus 2 (GaHV-2) is an oncogenic herpesvirus that causes T lymphoma in chicken. GaHV-2 encodes a basic leucine
zipper (bZIP) protein of the AP-1 family, Meq. Upon formation of homo- or heterodimers with c-Jun, Meq may modulate the
expression of viral and cellular genes involved in lymphomagenesis. GaHV-2 also encodes viral microRNAs (miRNAs) involved
in latency and apoptosis escape. However, little is known about cellular miRNA deregulation during the development of GaHV-
2-associated lymphoma. We determined the cellular miRNA expression profiles of chickens infected with a very virulent strain
(RB-1B) or a vaccine strain (CVI988) or noninfected. Among the most deregulated cellular miRNAs, we focused our efforts on
gga-miR-21, which is upregulated during GaHV-2 infection. We mapped the gga-miR-21 promoter to the 10th intron of the
TMEM49 gene and found it to be driven by AP-1- and Ets-responsive elements. We show here that the viral oncoprotein Meq
binds to this promoter, thereby transactivating gga-miR-21 expression. We confirmed that this miRNA targets chicken pro-
grammed death cell 4 (PDCD4) and promotes tumor cell growth and apoptosis escape. Finally, gga-miR-21 was overexpressed
only during infection with a very virulent strain (RB-1B) and not during infection with a nononcogenic strain (CVI988), provid-
ing further evidence for its role in GaHV-2 lymphomagenesis. Our data therefore suggest an additional role for Meq in GaHV-2-
mediated lymphomagenesis through the induction of miR-21 expression.

Gallid herpesvirus 2 (GaHV-2) is a highly oncogenic chicken
alphaherpesvirus that induces a T-cell lymphoma coined

Marek’s disease (MD) a few weeks after infection. In addition to
being a major burden for the poultry industry, GaHV-2 is consid-
ered an excellent model of virus-induced lymphoma (1). Its
genomic organization is similar to that of herpes simplex virus 1 in
the unique long (UL) and unique short (US) regions (2, 3),
whereas the long repeat (RL) and short repeat (RS) regions harbor
specific genes involved in latency, lymphomagenesis, and trans-
formation. One of these genes, meq (Marek EcoRI Q fragment),
which is expressed in all GaHV-2 tumors and latently infected
cells, encodes a 339-amino-acid protein and is considered the ma-
jor oncogene of GaHV-2 (4). Meq has a basic leucine zipper
(bZIP) structure at its N-terminal end similar to that of other bZIP
proteins of the Jun/Fos family and a proline-rich region (PRR) in
the C-terminal transactivator domain (4, 5). Several studies have
shown that Meq can form either heterodimers with other bZIP
proteins, such as c-Jun, that bind to AP-1-responsive elements
(REs), such as CRE (TGACGTCA) or TRE (TGASTCA), or ho-
modimers that bind to Meq-responsive element II (MEREII) (RA
CACACAY) and with a lower affinity to MEREI (GAGTGATGA
CGTCATC) (5, 6). The transactivation properties of Meq depend
on its dimerization partner: Meq/Meq homodimers repress ex-
pression of the pp24/38 gene by binding to a MEREII site (6),
whereas Jun/Meq heterodimers transactivate the expression of
ICP4 and meq by binding to AP-1 REs (6–8). Meq may also regu-
late cellular genes, such as those for interleukin-2 (IL-2) (6), CD30
(1), and Bcl-2 (7), and may increase the transcription of genes
involved in growth and antiapoptotic pathways, such as the Jun
pathways, during the induction of MD virus (MDV) lympho-
magenesis (9).

The viral microRNAs (miRNAs) encoded by GaHV-2 were

first identified in 2006 by Burnside et al. (10). Additional studies
completed the identification of these viral miRNAs, and 26 mature
miRNAs have now been described (MiRBase release 18, Novem-
ber 2011). GaHV-2 miRNAs are localized in the RL and RS regions
and are grouped into three clusters, one upstream and one down-
stream from the meq gene (mdv1-miR-M9-M4 and -M11-1, re-
spectively) and one at the 5= end of the latency-associated tran-
script (LAT; mdv1-miR-M8-M10) (11). Different expression
patterns have been reported for these miRNAs, but high levels of
mdv1 miRNA seem to be associated with latency and tumorigen-
esis (10, 12, 13), suggesting a potential role for these miRNAs in
the control of apoptosis and cell proliferation. Indeed, mdv1-
miR-M4-5p has been characterized as a functional ortholog of the
oncogenic miR-155 and is thought to be involved in lymphoid
malignancy, immune response regulation, or viral cycle control
(14, 15). A critical role for mdv1-miR-M4 in MDV lympho-
magenesis has been demonstrated (16). In addition, it has recently
been reported that another miRNA, mdv1-miR-M3, significantly
decreases cisplatin-induced apoptosis in DF1 cells, by targeting
smad2 and the transforming growth factor � signaling pathway
(17). It is now also widely accepted that viral infection and tumor-
igenesis are linked with disruption of the cellular miRNA profile.
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An upregulation of miR-155 has classically been reported in var-
ious lymphomas (18, 19). Interestingly, miR-155 is repressed dur-
ing GaHV-2 lymphomagenesis, but the virus compensated for its
absence by expressing the viral ortholog mdv1-miR-M4-5p (14,
15, 20, 21). miR-221 and miR-222, upregulated in the MSB-1 cell
line, have been shown to promote cell division (22). The deregu-
lation of other miRNAs, such as miR-34, let-7, miR-150, the miR-
17-92 cluster, and miR-21, can be observed in various tumors, but
so far, only miR-21 has been found to be systematically overex-
pressed in human cancers, making it an ideal candidate for tumor
diagnosis (23). The miR-21 promoter has been studied in hu-
mans, and its activity is regulated by transcription factors, such as
AP-1, STAT3, and FoxO3a (24–26). MiR-21 has been character-
ized as an oncogene targeting several tumor suppressor genes,
including phosphatase and tensin homolog (PTEN) and pro-
grammed death cell 4 (PDCD4), or regulating genes involved in
cell invasion, such as the genes encoding matrix metalloprotease 2
(MMP2) and MMP9 (27, 28).

In this study, we found that gga-miR-21 was overexpressed
during GaHV-2 infection and induced lymphomagenesis. We
identified and characterized a robust promoter with a transcrip-
tion initiation site. We found that the viral oncoprotein Meq
bound to and transactivated gga-miR-21 via AP-1 response ele-
ments. gga-miR-21 may play a role in tumor growth and apoptosis
inhibition, notably, by targeting PDCD4. Finally, the analysis of
cellular miRNA profiles by small RNA cloning and deep sequenc-
ing showed that gga-miR-21 overexpression was specifically asso-
ciated with oncogenic RB-1B strain infection and not with infec-
tion with the vaccine strain CVI988, providing further support for
an oncogenic role of gga-miR-21.

MATERIALS AND METHODS
Virus strains and cell cultures. The very virulent RB-1B strain used in this
study was prepared from a stock of peripheral blood leukocytes (PBLs)
collected from B13/B13 chickens at 42 days postinfection (dpi) that con-
tained 1,000 PFU of cell-associated RB-1B virus. CVI988 (Poulvac batch
MC97600 and MC18800) vaccines were obtained from Pfizer Animal
Health (Belgium).

In this study, we used MSB-1 cells, which are latently infected and have
the GaHV-2 genome integrated into their cellular genome. The MSB-1
cell line was one of the first GaHV-2-infected cell lines to be isolated (29)
and is derived from a spleen lymphoma induced by a virulent strain of
GaHV-2. It is currently widely used as a reference. It has been shown to be
coinfected with GaHV-2 (strain BC-1) and GaHV-3 (strain HPRS24)
(30). The cells were harvested at a density of 2 � 106 cells per ml. This cell
line was cultured in RPMI 1640 medium (Lonza) supplemented with 1
mM sodium pyruvate, 10% fetal bovine serum, and 5% chicken serum.
The lymphoblastoid B-cell line DT-40 (31) was obtained from a tumor
induced by Rous-associated virus 1 (RAV-1) infection. It was cultured in
Dulbecco modified Eagle medium (Lonza) supplemented with 1 mM so-
dium pyruvate and tryptose phosphate broth (1.475 g/liter) and with 10%
fetal bovine serum and 5% chicken serum. DNA from the JBJ-1 (ATCC
CRL-12203) and PA9 (32) cell lines was used to amplify the miR-21 pro-
moter and the PDCD4 3= untranslated region (UTR), respectively.

Animal experiments. We used 4-week-old White Leghorn B13/B13

chickens hatched and raised at INRA (PFIE-PlateForme d’Expérimentation
Animale, Nouzilly, France) under specific-pathogen-free (SPF) conditions.
This chicken line is highly susceptible to Marek’s disease following exper-
imental inoculation with virulent GaHV-2 strains.

Two successive experiments were carried out for reverse transcrip-
tion-quantitative PCR (RT-qPCR) and the deep sequencing of small
RNAs. Chickens were inoculated by the intramuscular route with 5 � 106

PBLs from a stock collected from a B13/B13 chicken at 42 dpi. The inocu-

lum contained 1,000 PFU. We collected blood samples from three animals
at 7, 21, and 28 dpi for RT-qPCR and from three animals at 0 and 27 or 29
dpi for the establishment of libraries of small RNA from chickens infected
with strain RB-1B or CVI988. All the chickens were anesthetized and
euthanized before necropsies were performed to check for MD. All RB-
1B-infected chickens used in this study showed MD lymphoma develop-
ment. All animal procedures were conducted in accordance with the
guidelines of the INRA Ethical Commission (protocol numbers MD-
2005-01A/-02A and GD.01.10B).

Isolation of PBLs. PBLs were separated from whole-blood samples by
centrifugation on Ficoll-Hypaque (FH) cushions, as previously described
(33). The cells were resuspended in RPMI 1640 medium and counted in a
hemacytometer before RNA extraction.

Generation and sequencing of small RNA libraries. Total RNA was
isolated by guanidinium thiocyanate-phenol-chloroform extraction
(TRIzol; Invitrogen). Small RNAs were cloned from 30 �g of total RNA, as
previously described (34), except that PCR products were not concate-
nated and were instead sent directly for large-scale sequencing. Small
RNA molecules were sequenced at the Institut de Génétique et de Biologie
Moléculaire et Cellulaire (IGBMC), Illkirch, France, on an Illumina
Genome Analyzer Ilx instrument with a read length of 36 bp.

Bioinformatic analysis. An in-house Perl analysis pipeline was used
to analyze the large amount of data generated. The 3= adaptor was re-
moved, and size selection was carried out (with the exclusion of trimmed
reads of less than 15 nucleotides [nt]). Nonredundant sequences were
then mapped to the genomes from which they were thought to be derived
and to other already annotated RNAs with the Nexalign program (http:
//genome.gsc.riken.jp/osc/english/software/src/nexalign-1.3.5.tgz), with
no mismatch allowed. The Gallus gallus and GaHV-2 genome sequences were
downloaded from the RefSeq or GenBank database (Genome Assembly, ver-
sion 2.1 [ftp://ftp.ncbi.nih.gov/genomes/Gallus_gallus/Assembled_chromo-
somes] and GenBank accession number EF523390.1). The following sources
of annotated transcripts were used: miRBase version 16 for miRNA;
GenBank version 181 for Gallus gallus rRNA, small nuclear-small nucle-
olar RNA (sn-snoRNA), and small cytoplasmic RNA (scRNA); Genome
Assembly version 2.1 for tRNA; and Repbase version 181 for Gallus gallus
and common ancestral repeats. Small RNAs mapping unambiguously to
sequences from a single functional category were easily classified, whereas
the others were identified by applying the following annotation rule on the
basis of the abundances of various types of sequences in the cell: rRNA �
tRNA � sn-snoRNA � miRNA � repeat � pathogen genome � host
genome � unknown.

Plasmid constructs. The entire sequence of the putative promoter of
gga-miR-21, extending from nucleotide 7,318,351 to nucleotide
7,318,796, was amplified from genomic DNA of the chicken cell line JBJ-1
(primers A140 and A141; Table 1). Various primers were used for directed
mutagenesis by PCR (Table 1; see Fig. 3). PCR was performed as follows:
heating at 94°C for 5 min, followed by 25 cycles of denaturation (94°C for
30 s), annealing (55°C for 30 s), and extension (72°C for 1 min) in a final
volume of 50 �l containing 2.5 units of Taq DNA polymerase (Promega),
0.1 �M each primer (Eurogentec), 0.2 mM each deoxyribonucleotide, 10
mM Tris-HCl, pH 9, 50 mM KCl, 0.5 mM MgCl2, 0.1% Triton X-100, and
50 ng DNA. All the putative promoter sequences were amplified with
primer pairs (Table 1) with KpnI and HindIII sites in their tails. The
KpnI/HindIII-digested PCR products were inserted, in the correct orien-
tation, between the KpnI and HindIII sites of the pGL3basic vector (Pro-
mega).

Meq-RB-1B, Meq-CVI988, and Jun cDNAs were amplified from the
bacmid RB-1B, CVI988 vaccine, and PA-9 cell genomes with specific
primers with an EcoRI site in their tails (Table 1). The insertion of the PCR
products in the correct orientation was checked by PCR, and sequencing
(MWG) was performed to check the integrity of the DNA sequence.

Luciferase assays. The pGL3basic (Promega) expression vector was used
to test the strength of promoters inserted upstream from the firefly luciferase
(F-Luc) gene. The pRL-TK (Promega) vector includes an expression cassette
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for Renilla luciferase (R-Luc) under the control of the thymidine kinase pro-
moter of human herpesvirus 1 (HHV-1). Cotransfection with these two vec-
tors (pGL3 carrying the test promoter and pRL-TK) made it possible to nor-
malize measurements for transfection efficiency.

DT-40 and MSB-1 lymphoblastoid cells were transfected with plas-
mids by electroporation with an Amaxa Biosystems Nucleofector ma-
chine. The cell density was adjusted to 2 � 106 cells/100 �l of Nucleofec-
tion T solution containing 2 �g of the firefly luciferase reporter construct

TABLE 1 Primers used to construct promoter sequences and for ChIP, RACE-PCR, and RT-qPCR

Primer orientationa-name Sequence (5=–3=)b

F-A140-p21 GTCAGGTACCAGCTCCGAAAACCTCATCAATCTTT
R-A141-p21 AGTCAAGCTTCAGCCAGGGCTGTGTGCTG
F-A142-mutAP1-2 GGATAAGGATAACACCCAGATTG
R-A143-mutAP1-2 ATCTGGGTGTTATCCTTATCCAG
F-A144-mutAP1-4 CACAAGCACAAACCCTTTCCTT
R-A145-mutAP1-4 AGGAAAGGGTTTGTGCTTGTGT
F-A146-mutMERE GACTAAGCTTCAGCCAGGGCAGAGAGCTGATGCG
R-A390-mutAP1-0 CCCTGTTCAAAAAAATTTCATGCTTTATGGC
F-A391-mutAP1-0 GCATGAAATTTTTTTGAACAGGGTTCATAG
R-A382-mutAP1-3 TGACTTGTGCTAAAAAAATCCCTCAGTTAAAA
F-A383-mutAP1-3 TAACTGAGGGATTTTTTTAGCACAAGTCATTTCC
R-A384-mutAP1-3-4-mutEts2 GACTTGTGCTAAAAAAAAAAAAAAGTTAAAAAAG
F-A385-mutAP1-3-4-mutEts2 CTTTTTTTTTTTTTTAGCACAAACCCTTTCC
R-A386-mutAP1-3-4 GGGTTTGTGCTAAAAAAATCCCTCAGTTAAAAAAG
F-A387-mutAP1-3-4 AACTGAGGGATTTTTTTAGCACAAACCCTTTCC
R-A388-mutAP1-1 CCCATCGGAAAAAAATTAACAAAGGAACAA
F-A389-mutAP1-1 TTTGTTAATTTTTTTCCGATGGGAGGAGC
R-A331-mutEts-3 CACCAGCAGTTTTTGTAAGAACTGGTTTGAACCG
F-A330-mutEts-3 AGTTCTTACATTTTCTGCTGGTGATAAATGTGGG
R-A329-mutEts-2 TTGTGTCAAAAAAAAGTTAAAAAAGAAACTGCTCGCCC
F-A328-mutEts-2 TTAACTTTTTTTTGACACAAGCACAAGTCATTTCC
R-A327-mutEts-1 GTGCGTCATTTTTTTTTAGAAAGAATGCATTAGC
F-A326-mutEts-1 CTTTCTTTTTTTTTATGACGCACAGATTGTCC
F-A341-mutAP1-4-mutEts-2 TTAACTTTTTTTTGACACAAGCACAAACCCTTTCC
R-A340-mutAP1-2-mutEts-1 GGGTGTTATAAAAAAAAAGAAAGAATGCATTAGC
F-A339-mutAP1-2-mutEts-1 CTTTCTTTTTTTTTATAACACCCAGATTGTCC
GeneRacer-RNA oligonucleotide CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA
F-GeneRacer 5= oligonucleotide CGACTGGAGCACGAGGACACTGA
F-GeneRacer 5= nested oligonucleotide GGACACTGACATGGACTGAAGGAGTA
R-A233-GeneRacer-miR21 AGAAGGCTCTGCTGCTTGGT
R-A234-GeneRecer nested-miR21 CCCAGGGAGAAGGCAGAGCGA
qmiR-21-5p CATGATCAGCTGGGCCAAGATCAACATCAGT
UP-qPCRmiR-universal primer CATGATCAGCTGGGCCAAGA
UP-AS-U6 CATGATCAGCTCGGCCAAGAGAACGCTTCAC
LNA-miR-21-5p TEGLTZATCAGACTGAT
qPCR-U6 CGCAAGGATGACACGCAAA
UP-ASmiR-21-5p CATGATCAGCTGGGCCAAGATCAACATCAGTCTGATAAGCTA
F-A815-pmeq GCTGGAAAACCATCGTAGAAC
R-A816-pmeq CGTATCACTCCCGAACCATTA
F-A373-UL26 TTGCACAGTCGGAGCAGTTCTTGCGC
R-A374-UL26 TGACTGGCGGCTGTCTCTAGTGTACG
F-595-pp38 TCTCCCTCTCCGGTTAGCTC
R-658-pp38 ATGGAATTCGAAGCAGAACACGAAGGG
F-M450-Gapdh TCCTCTCTGGCAAAGTCCAAG
R-451-Gapdh CACAACATACTCAGCACCTGC
F-818-Meq CACCCCTTCCCTGACGGCCTATC
R-820-Meq CTCGAATTTCCTTACGTAGGTG
F-A406-PDCD4 GCGGCCGCGTTGGAACCAACTGCTGAAG
R-A422-PDCD4 GCGGCCGCGTACGTGCTGGCTGAAC
F-A420-PDCD4mut GCCTTCACTACCATGACCTTTTGTAAGTGCCATA
R-A421-PDCD4mut CAAAAGGTCATGGTAGTGAAGGCACCGCCACAACAG
F-A378-cJun GAATTCATGGAGCCTACTTTCTACG
R-A377-cJun GAATTCTCAAACGTTTGCAACTG
F-M580-Meq ATGTCTCAGGAGCCAGAGCCGGGCGCT
R-M581-Meq GGGGCATAGACGATGTGCTGCTGAG
a F, forward; R, reverse.
b KpnI, HindIII, NotI, and EcoRI restriction sites are shown in bold typeface. Mutated bases are underlined.
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and 40 ng of the Renilla luciferase control vector. The cells were then
electroporated in a 4-mm cuvette subjected to the specific programs
X-001 and B-023 for MSB-1 and DT-40, respectively. For luciferase assays
with the expression vector pcDNA-Meq or Jun, 1 �g of each firefly pro-
moter construct was mixed with 2 �g of the induction vector pcDNA and
40 ng of the reporter vector pRL-TK. Electroporated cells were recovered
in 1.5 ml of complete medium and dispensed into a 12-well plate. The
functionality of gga-miR-21 was assessed in DT-40 cells by the same
method with 1 �g of each target Renilla reporter vector (pRL-TK-target)
and 200 ng of pcDNA-Mluc, to standardize for transfection efficiency.

Luciferase assays were performed 24 h after transfection with a dual
luciferase reporter assay system (Promega) and a Centro LB960 luminom-
eter (Berthold Technologies). Student’s t test (performed with GraphPad
Prism software 4) was used for statistical analysis.

5= RACE-PCR analysis. 5= rapid amplification of cDNA ends (5=
RACE) was carried out on total RNA isolated from MSB-1 cells. Total
RNA was extracted with a TRIzol extraction kit. cDNAs were obtained
with a GeneRacer kit (Invitrogen). This technique is based on RNA ligase-
mediated and oligonucleotide-capping RACE methods and results in the
selective ligation of an RNA oligonucleotide to the 5= ends of decapped
RNA. The resulting cDNA was amplified by PCR, using forward primers
annealing to the ligated RNA oligonucleotide and reverse primers anneal-
ing to the target gene (Table 1).

The 5= end of the ligated cDNA obtained from MSB-1 cells was deter-
mined with a reverse primer binding to the potential miRNA sequence
(Table 1). PCR products of various sizes were obtained and inserted into
the PCR4-TOPO TA cloning vector. We sequenced 32 positive clones and
determined the 5= end in each case.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
carried out as previously described (35). Briefly, chromatin from 107

MSB-1 cells was cross-linked, washed, resuspended in lysis buffer, and
sonicated with 12 6-s 18-J pulses (VibraCell Bioblock Scientific). An ali-
quot of total chromatin was used as the total DNA input control. After
preclearing with protein G agarose/salmon sperm DNA beads, protein/
DNA complexes were immunoprecipitated by incubation overnight at
4°C with anti-Meq (36 �l of polyclonal rabbit antibody obtained in our
laboratory) or anti-Jun (4.5 �l of purified polyclonal rabbit antibody;
06#225; Upstate) antibody or with mouse immunoglobulin G1� (6 �g of
IgG1�; Sigma-Aldrich) as a negative control. Immunoprecipitated com-
plexes were collected with protein G beads. Immunoprecipitation prod-
ucts were washed with low-salinity buffer, high-salinity buffer, lithium
chloride washing buffer, and, finally, TE (Tris-EDTA) buffer. Immuno-
complexes were extracted, and cross-linking was reversed by incubation
overnight at 65°C. DNA fragments were then purified with a Nucleospin
Extract II apparatus (Macherey-Nagel) and eluted in 30 �l of ultrapure
water. PCR was performed in a final volume of 50 �l with Promega Taq
DNA polymerase and primer pairs A140/A141, A815/A816, and A373/
A374 (Table 1). PCR was carried out as follows: heating at 94°C for 3 min
at 94°C, followed by 22 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for
1 min and, finally, 7 min at 72°C.

Western blot analysis. We treated 5 � 105 MSB-1 cells or transfected
DT-40 cells with lysis buffer (15 mM Tris, 15 mM NaCl, 20 mM EDTA,
1% SDS, 5% beta-mercaptoethanol, 20% glycerol, bromophenol blue
[pH 6.8]). Proteins were separated by electrophoresis in 10% polyacryl-
amide gels containing SDS and capillary transferred onto nitrocellulose
membranes. The membranes were blocked by incubation with blocking
buffer (Odyssey) and probed with polyclonal rabbit anti-Meq (from our
laboratory) or anti-PDCD4 (ab31392; Abcam) antibodies or monoclonal
mouse anti-Jun (1/500e; BD Sciences) or mouse anti-GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase; Millipore) primary antibodies, fol-
lowed by monoclonal goat anti-rabbit or anti-mouse infrared dye (IRD)-
labeled secondary antibodies (Odyssey). The immunoreactions of interest
were detected after excitation with light at wavelengths of 700 nm and 800
nm for antimouse and antirabbit antibodies, respectively.

Detection of RNA expression by RT-PCR. Total RNA was isolated by
guanidinium thiocyanate-phenol-chloroform extraction (TRIzol; Invit-
rogen) and quantified with Qbit methods. We then synthesized cDNAs in
random primer and oligo(dT) primer extension assays with 1 �g of total
RNA. After reverse transcription, PCR was performed on 1 �l of cDNA in
a reaction volume of 50 �l with Promega Taq DNA polymerase and spe-
cific primers (Table 1). PCR was carried out as follows: heating at 94°C for
3 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1
min and, finally, 7 min at 72°C.

miRNA quantification by RT-qPCR. gga-miR-21 RNA levels were
determined as described by Raymond et al. (36). Briefly, total RNA was
isolated by guanidinium thiocyanate-phenol-chloroform extraction
(TRIzol; Invitrogen) and quantified with Qbit methods. We then synthe-
sized cDNAs in specific primer extension assays with 1 �g of total RNA
(Table 1). After reverse transcription, triplicate measurements were made
on 5 �l of cDNA diluted 1 in 10 in a final reaction volume of 25 �l by
qPCR in a 96-well optical PCR plate with a StepOneplus machine (Ap-
plied Biosystems) and a SYBR green PCR mixture containing 12.5 �l
SYBR green PCR master mix (Applied Biosystems), 3.5 �l water, 1 �l of 10
�M universal primer, 2 �l of 10 �M primer LNA-miR-21-5p, and 5 �l of
sample. The primer sequences are reported in Table 1. qPCR was carried
out under the conditions recommended by the manufacturer, and
postrun dissociation curves were generated for the analysis of amplicon
species.

Flow cytometry analysis. We mixed 2 � 106 MSB-1 cells with 200
pmol of anti-miR-21 locked nucleic acid (LNA) antisense primer or with
scramble primer (Table 1). Twenty-four hours after treatment, the cell
density was adjusted to 1 � 106 cells/ml and the cells were mixed with
staining buffer solution containing 10 �l of fluorescein isothiocyanate
(FITC)-annexin V and propidium iodide, as recommended by the man-
ufacturer (BD Sciences). We then analyzed 3 � 105 cells by flow cytometry
(IASP cytometry platform; INRA Tours, Nouzilly, Yves Le Vern, France),
using 530/540-nm and 540/620-nm band-pass filters for FITC and pro-
pidium iodide, respectively.

RESULTS
miRNA-21 is overexpressed during natural infection with
GaHV-2. Yao et al. found that gga-miR-21 was the most abun-
dantly expressed cellular miRNA in GaHV-2-transformed MSB-1
cells (37), and we previously found this miRNA to be the fourth
most abundantly expressed miRNA in this cell line (data not
shown). We extended these observations by investigating gga-
miR-21 expression during natural infection. Chickens were in-
fected by the intramuscular injection of PBLs containing 1,000
PFU of the very virulent GaHV-2 RB-1B strain. Using RT-qPCR,
we quantified gga-miR-21 expression in total RNA extracted from
PBLs from three chickens before infection and 7, 21, and 28 dpi
(Fig. 1A). For the 3 chickens, the level of miR-21 expression in-
creased significantly (P � 0.05) from 7 dpi onward. At 21 dpi, a
time point corresponding to the implementation of lympho-
magenesis in our in vivo model (38), the level of miR-21 expres-
sion was up two times compared to its level of expression before
infection. Expression of viral meq and pp38 genes during infection
was assessed by RT-PCR, and amplicons were found, as expected
(Fig. 1B).

gga-miR-21 is transactivated from a well-conserved se-
quence located 3.3 kb upstream from the pre-miRNA sequence.
Given the fact that the expression of gga-miR-21 seemed to be
induced in chicken PBLs during in vivo infection with a virulent
strain of GaHV-2, we investigated the promoter driving miR-21
expression in the context of Marek’s disease. A recent study iden-
tified the promoter of human miR-21 (hsa-miR-21) within a
454-bp sequence mapping to the 10th intron of the TMEM49 gene
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on chromosome 17 (24). The alignment of this human sequence
with the homologous 446-bp avian sequence located in the 10th
intron of the TMEM49 gene (chromosome 19, coordinates
7,318,351 to 7,318,796) showed that the two sequences were
79.4% identical (see Fig. S1 in the supplemental material). In silico
analysis with the Genomatix software suite led to the identifica-
tion of several potential responsive elements (REs), including one
TATA box, five AP-1 sites, three Ets/PU.1 sites, two CEBP� sites,
two STAT3 sites, and one GC box. Almost all the REs were con-
served in humans and chickens, but the potential AP-1(0) RE and
the MEq response element (MERE) were specific to the chicken
promoter (see Fig. S1 in the supplemental material).

We assessed the functionality of this putative promoter by
mapping the transcription start site (TSS) involved in gga-pri-
miR-21 transcription. To this end, we performed a rapid amplifi-
cation of 5= cDNA ends (RACE) on total RNA extracted from
MSB-1 cells, which are latently infected with GaHV-2. All of the 32
TSSs discovered mapped to a 107-bp region well conserved in the
human and avian species (Fig. 2A and B; see Fig. S1 in the supple-
mental material). Of these TSSs, 91% (29 hits) localized to a 5-bp
region (on chromosome 19, coordinates 7,318,753 to 7,318,758)
and 62% (20 hits) were focused on nt 7,318,758 (Fig. 2C). This
region, which is well conserved in humans, was thus identified as
the probable promoter of the gga-pri-miR-21 transcript. We then
looked for mechanisms regulating the transcriptional activity of
this region.

The pri-miRNA-21 promoter contains numerous consensus
responsive elements and seems to be controlled by AP-1 and Ets
transcription factors. We investigated the mechanisms involved
in transcriptional activity by amplifying by PCR from JBJ-1
chicken DNA the region extending from 407 nt upstream to 38 nt
downstream of the major TSS (chromosome 19, coordinates
7,318,351 to 7,318,796) and inserting the amplicon into a promot-
erless luciferase reporter plasmid (pGL3basic) to generate the
pmi21 wild-type (WT) construct. The pmi21 WT construct re-

sulted in transcriptional activity similar to that of the cytomega-
lovirus promoter (data not shown). We therefore mutated all the
REs for AP-1 and Ets, transcription factors known to be involved
in lymphogenesis and lymphomagenesis. The AP-1 REs specifi-
cally bind dimers from the Jun/Fos family, including the GaHV-2
oncoprotein Meq, whereas MERE binds only the Meq oncopro-
tein as a homodimer and the Ets REs bind Ets family proteins, such
as Ets-1, Ets-2, and PU.1. All the potential AP-1 and Ets REs iden-
tified by bioinformatics are degenerated with regard to the con-
sensus sequences (Fig. 3B). We evaluated the potential role of
these REs in promoter activity by mutating them individually by
directed mutagenesis, based on overlapping PCR, and the result-
ing mutated promoter sequences were inserted into the
pGL3basic vector to generate the A0*, A1*, A2*, A3*, A4*,
MERE*, E1*, E2*, and E3* constructs, named according to their
positions with respect to the 5= end of the promoter (Fig. 3A). The
promoter activities of these constructs were determined by
the transfection of two avian cell lines, DT-40 and MSB-1, with all
the constructs (Fig. 3C and D). In DT-40 cells, only MERE and
Ets(1) RE mutations had no effect on transcriptional activity. In
this cell line, mutations of the AP-1(0) RE and AP-1(3) REs in-
creased promoter activity by factors of 1.7 and 2, respectively,
whereas mutation of the other REs decreased promoter activity.
Mutations of the AP-1(1) and AP-1(2) REs induced slight de-
creases (20%) in transcriptional activity, whereas the largest de-
creases in activity resulted from mutations of the AP-1(4), Ets(3),
and Ets(2) REs, resulting in 50%, 50%, and 80% decreases, respec-
tively (Fig. 3C).

In MSB-1 cells, in addition to the MERE and the Ets(1) REs
already identified to be nonfunctional in DT-40 cells, the AP-1(0),
AP-1(1), and AP-1(2) REs did not seem to be involved in pro-
moter activity (Fig. 3D). Conversely, in this cell line, AP-1(4),
Ets(2), and Ets(3) were found to be essential REs for the promoter,
as their mutation resulted in a 2-fold reduction of transcriptional

FIG 1 Expression of microRNA-21 during GaHV-2 infection in vivo. Three chickens (chickens A to C) were infected with the very virulent RB-1B strain of
GaHV-2. PBLs were collected at 0, 7, 21, and 28 days after infection, and RNA was extracted with the TRIzol reagent. (A) RT-qPCR was performed with an
Applied Biosystems analysis kit to assess gga-miR-21 expression. Each value corresponds to the mean of three replicates for RNA extracted from the blood of one
chicken. The error bars correspond to the SEMs. (B) RT-PCR was performed on pooled cDNA to confirm expression of viral genes during infection.
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activity (Fig. 3D). Mutation of the AP-1(3) RE decreased tran-
scriptional activity by 20% in the MSB-1 cell line.

We evaluated the potential cooperation between the different
REs by generating three constructs with multiple RE mutations
[A(01234)*, E(123)*, and A(01234E123)*]. No significant de-
crease in promoter activity was observed with these promoters
with multiple mutations, as shown by comparisons of activity for
AP-1(4)* and Ets(2)*. This suggests that there is no cooperation
between the various REs (Fig. 3) and that REs AP-1(4) and Ets(2)
are both major REs of the gga-miR-21 promoter.

Meq directly binds to and transactivates the promoter of gga-
miR-21. As Meq could bind to AP-1 REs as a heterodimer with
Jun/Fos family proteins, including c-Jun, in particular, we in-
vestigated the efficiency of gga-miR-21 promoter transactiva-
tion by these proteins. We first checked that both c-Jun and
Meq bound to the gga-miR-21 promoter by ChIP assays on
DNA from MSB-1 cells (Fig. 4A), which constitutively express
Meq (Fig. 4B). PCR with primers surrounding the gga-miR-21
promoter, the meq promoter (positive control) (6), and the
UL26 DNA fragment (negative control) was performed on

Meq- and c-Jun-immunoprecipitated DNA. We could detect
amplicons only for the meq promoter and the gga-miR-21 pro-
moter (Fig. 4A), which indicated that both Meq and c-Jun
proteins were effectively recruited by the gga-miR-21 pro-
moter. We then ruled out possible effects of the virus present in
the MSB-1 cells by determining the transactivation efficiency of
c-Jun and Meq after ectopic production of these two proteins
in uninfected DT-40 cells. DT-40 cells were cotransfected with
pcDNA-Meq or pcDNA-Jun, encoding Meq and c-Jun, respec-
tively, or an empty vector (pcDNA). We first verified the pro-
duction of Meq by the pcDNA-Meq vector (Fig. 4B) and the
overexpression of c-Jun by the pcDNA-Jun vector (Fig. 4C)
(which was found to be by a factor of 2), validated by Western
blotting (Fig. 4B and C). We then assessed the effect of these
two constructs by cotransfecting them together with pmi21
WT or three constructs with multiple mutations in REs. As can
be seen in Fig. 4D, Meq and Jun had similar effects on the
different promoters: (i) Meq and Jun increased the promoter
activity of pmi21 WT by factors of 2.4 and 2.5, respectively; (ii)
AP-1 RE mutated constructs did not display any increase in

FIG 2 Localization of the transcription start site of pri-miRNA-21. (A) Schematic diagram of a fragment of avian chromosome 19 encoding gga-miR-21
downstream from the RTMEM49 gene. (B) Schematic diagram of the putative gga-miR-21 promoter, with potential responsive elements identified by the
Genomatix software suite. (C) Localization and frequencies of the transcription start sites found by 5= RACE-PCR in total RNA from MSB-1 cells. Each histogram
shows the number of transcripts initiated from the nucleotide of the reference sequence (GenBank accession number NW_001471508.1).
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activity, showing that they were not transactivated by either of
the proteins; and (iii) Ets RE mutated constructs displayed a 1.6
times increase in activity. Therefore, these data indicate that,
like c-Jun, Meq may transactivate the gga-miR-21 promoter
essentially by binding to AP-1 REs.

gga-miR-21 downregulates chicken PDCD4 expression and
modulates MSB-1 tumor cell growth and apoptosis. As hsa-
miR-21 is considered to be an oncomiR regulating proapoptotic
pathways by downregulating PDCD4 expression (27), we investi-
gated the possible targeting of the PDCD4 mRNA by gga-miR-21
in our chicken model. Using the custom program Targetscan (re-
lease 4.1), we predicted a potential gga-miR-21 target in the 5= part
of the chicken PDCD4 3= UTR. Furthermore, alignment of the
human and chicken PDCD4 3= UTRs (GIs 27290 and 374191,
respectively), which displayed a global identity of 63%, showed
that both targets were located about 250 bp (276 bp and 233 bp,
respectively) downstream from the start of the PDCD4 3= UTRs at
the 5= end of a 100-bp more highly conserved region (82% iden-
tity). The full chicken PDCD4 3= UTR sequence was amplified
from the PA-9 cell genome and inserted into pRL-TK. The seed

match of gga-miR-21 was mutated by PCR and inserted into the
same vector (Fig. 5A). Following the transfection of DT-40 cells
with these two constructs, relative luciferase activity was found to
be twice as high when the putative miR-21 binding site was mu-
tated (Fig. 5B). In addition, PDCD4 expression in pcDNA-miR-
21-transfected MSB-1 cells was 25% lower than that in MSB-1
cells transfected with empty vector (Fig. 5C).

We also measured the regulation of PDCD4 by miR-21 in
infected cells. To this end, we treated latently infected MSB-1
cells with 200 pmol of antisense miR-21-LNA. This resulted in
a strong decrease (84%) in miR-21 accumulation (Fig. 6A) and
a 2-fold increase in PDCD4 protein levels compared to the
results for cells treated with a control scrambled LNA (Fig. 6B).
To gain further insight into the effect of miR-21 inhibition, we
assessed the impact of the anti-miR-21 LNA oligonucleotide on
MSB-1 cell growth and apoptosis. We therefore counted cells
and measured apoptosis by flow cytometry assays upon treat-
ment with control anti-miR-21 oligonucleotides. The anti-
miR-21 treatment inhibited the growth of the MSB-1 cells by
27% (Fig. 6C) and increased MSB-1 apoptosis by 20% and 24%

FIG 3 Identification of the transcription factors involved in the transcriptional activity of the gga-miR-21 promoter. (A) Schematic diagram of the gga-miR-21
promoter with AP-1, Ets, TATA box, and INR elements. (B) Sequence alignments of the 5 AP-1 and the 3 Ets REs identified by bioinformatics, with nucleotides
similar to the consensus sequence shown in bold. (C and D) The promoter activities of the various constructs (the REs mutated are indicated for each histogram)
were assessed in the DT-40 (C) and MSB-1 (D) cell lines. Each reported luciferase activity value was normalized with respect to that of the pmi21 WT promoter
construct. Each value corresponds to the mean of three independent assays performed simultaneously. Error bars indicate the SEMs of three replicates, and
asterisks to the right of the bars indicate that the means are significantly different (P � 0.01) in comparison to the WT construct.
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in two independent assays, from 7.8% to 9.44% (Fig. 6D) and
6.12% to 7.58%, respectively, indicating a potential role for
gga-miR-21 in modulating MSB-1 cell viability. However, sev-
eral additional mechanisms should underlie the MSB-1 im-
mortality.

gga-miR-21 is specifically more strongly induced during in-
fection with an oncogenic GaHV-2 strain than during infection
with a vaccine strain. Cellular miRNA profiles were analyzed in
uninfected chickens, chickens infected with the oncogenic
vvRB-1B GaHV-2 strain, and chickens infected with the nonon-
cogenic vaccine strain CVI988 GaHV-2. Total RNA was extracted
from PBLs collected from uninfected chickens or collected at 27
dpi from RB-1B GaHV-2-infected chickens and 29 dpi from
CVI988 GaHV-2-infected chickens. From these PBLs, three li-
braries of small RNAs (PBL NI, PBL RB-1B D27, and PBL CVI988
D29, respectively) were constructed and analyzed by deep se-
quencing. We obtained 8 million to 14 million reads for the vari-

ous small RNA libraries, and miRNAs accounted for 66 to 73% of
all reads. All the sequences of cellular miRNAs can be accessed
online (see Table S1 in the supplemental material). Expression
ratios between infected and uninfected chickens were calculated
for the 61 miRNAs detected at frequencies exceeding 0.1% in at
least one of the three libraries (Table 2). We found that in the PBL
RB-1B D27 and PBL CVI988 D29 libraries, respectively, 11 and 6
miRNAs were upregulated (r � 2), 31 and 48 were modulated only
slightly, if at all (2 � r � 0.5), and 19 and 7 were downregulated
(r � 0.5) (Table 2). Among these miRNAs, 8 were deregulated in
both the PBL CVI988 D29 and PBL RB-1B D27 libraries (upregu-
lated, miR-146c, -17-5p, and -19a; downregulated, miR-148a,
-101, -92, -2954-5p, and -100) and 22 were deregulated only in the
PBL RB-1B D27 library (upregulated, miR-21, -19b, -146c, -221,
-2954-5p, 20b, -7b, and -144; downregulated, miR-181a, -30a-3p,
-223, -126-3p, -1388, -1559, -182-5p, -99a-5p, -183, -1a-1, and
-199-2-3p and let-7c and -7b) and could be considered potential

FIG 4 Meq and c-Jun bind and transactivate the gga-miR-21 promoter. (A) Direct association of the Meq and Jun proteins with the gga-miR-21 promoter. PCR
amplification was carried out with the F-A140-p21 and R-A141-p21 primers (Table 1). Electrophoretic analyses of the PCR amplification products obtained with
immunoprecipitated DNA (IP) or total input DNA (Input) are shown. Mouse IgG1� antibodies (left column) were used as a negative control in ChIP assays. The
middle and right columns show the PCR amplification products for DNA immunoprecipitated with antibodies against Meq and Jun, respectively. (B and C)
Western blot analysis of the ectopic production of Meq (B) or the overproduction of c-Jun (C). Each blot was probed with rabbit polyclonal anti-Meq or mouse
monoclonal anti-Jun and mouse anti-GAPDH primary antibodies, followed by goat anti-rabbit or rabbit anti-mouse IRD-conjugated secondary antibody
(Li-Cor). (D) Influence of c-Jun overproduction or of the ectopic production of Meq on the transcriptional activity of the gga-miR-21 promoter. Various
gga-miR-21 promoter constructs were used to cotransfect DT-40 cells together with pcDNA encoding Meq, c-Jun, or an empty vector. Each reported luciferase
activity value was normalized with respect to that of the pmi21 WT promoter construct used for cotransfection with the empty vector. Each value corresponds
to the mean of three independent assays performed simultaneously. Error bars indicate the SEMs of three replicates.
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markers of infection and lymphomagenesis, respectively. gga-
miR-21 was one of the most strongly upregulated miRNAs at 27
dpi in the PBLs of chickens infected with the oncogenic RB-1B
strain (2.4-fold induction), but no modulation (0.6-fold decrease)
of its expression was observed at 29 dpi in chickens infected with
the CVI988 strain (Table 2). In addition, we confirmed by RT-
qPCR on these RNA samples that gga-miR-21 expression was in-
creased (5.5-fold) in PBL RB-1B D27 and unmodulated in PBL
CVI988 D29 (see Fig. S2 in the supplemental material). Interest-
ingly, as previously described (38), Meq expression was undetect-
able in the PBL CVI988 D29 library of infection, in contrast to the
PBL RB-1B D27 library (see Fig. S2 in the supplemental material).
Thus, these in vivo data linking gga-miR-21 overexpression to the
oncogenicity of the GaHV-2 strain highlight the potential role of
gga-miR-21 in GaHV-2-induced lymphomagenesis.

In addition, the CVI988 Meq protein has three single nucleo-
tide polymorphisms (SNPs) and isoforms with a 59-amino-acid
insertion in the proline-rich domain (39, 40) affecting the tran-
scriptional properties of the protein but not its AP-1-binding ca-
pacity (7, 41). We therefore compared the abilities of RB-1B and
CVI988 Meq to transactivate the natural gga-miR-21 promoter.
Empty vector and vectors encoding RB-1B Meq and CVI988 Meq
(with the 3 SNPs already described [40]) were used to transfect

DT-40 cells, and gga-miR-21 expression was then assessed by RT-
qPCR. The transfection of cells with pcDNA-Meq-RB-1B in-
creased gga-miR-21 expression by a factor of 4, whereas transfec-
tion with pcDNA-Meq-CVI988 increased gga-miR-21 expression
by a factor of only 1.9 (Fig. 7).

DISCUSSION

gga-miR-21 expression increased in parallel with GaHV-2 infec-
tion (Fig. 1) and associated lymphoma development. We define
here, for the first time, the localization of TSS and the promoter of
the pri-gga-miRNA-21 to the 10th intron of the TMEM49 gene in
the chicken genome. This 446-bp promoter is highly conserved in
vertebrates (24), displaying 79.4% identity between humans and
chickens. In chicken, the major TSS was found in a consensus
initiator element (INR, YYANWYY) located 22 bp downstream
from the TATA box shown to be functional in humans (24), con-
sistent with the classical organization of class II promoters (42).
Furthermore, the initiation start site beginning with the adenosine
residue of the INR for more than half the transcripts is consistent
with observations for TATA and INR promoters (43). The chicken
miR-21 promoter was found to contain five degenerated AP-1 REs
(TGASTCA) and three degenerated Ets REs. The Ets(2) and Ets(3)
REs and the AP-1(4) RE, which are close to the TSS and the TATA
box, seem to be essential in the both B- and T-cell lines. Besides the
consensus sequence, this might explain their functionalities. In-
terestingly, several studies in humans have implicated the STAT3,
Jun/Fos, and Ets protein families in the transcriptional function-
ality of the hsa-miR-21 promoter (25, 44), and the AP-1 RE equiv-
alent to AP-1 (31) was found to be highly important (24). Further-
more, a recent study provided further evidence for AP-1 protein
function, by demonstrating that curcumin, which prevents AP-1
protein binding to the hsa-miR-21 promoter, decreases hsa-
miR-21 expression and inhibits tumor growth (45). AP-1 REs are
frequently found in natural promoters, but they are not all func-
tional. Conversely, several gene targets of Jun/Fos regulation har-
bor no AP-1 RE consensus sequences, and the dimerization part-
ners of AP-1 proteins or other transcription factors may modulate
expression of AP-1-dependent promoters (46). In MSB-1 cells,
which are latently infected with GaHV-2, AP-1(4) seemed to be
essential for promoter activity because a promoter in which this
RE was mutated had a level of transcriptional activity similar to
that of the promoter in which all the AP-1 REs were mutated (Fig.
3). Conversely, whereas mutations of AP-1(1) and AP-1(2) REs
slightly decreased transcriptional activity in DT-40 cells and mu-
tations of AP-1(3) increased this activity, no significant difference
between the wild-type and mutated AP-1(1), AP-1(2), and AP-
1(3) REs was observed in MSB-1 cells (Fig. 3). These differences in
functionality between B cells (DT-40) and T cells latently infected
and transformed with GaHV-2 (MSB-1) may be accounted for by
the binding of different AP-1 protein dimers to the degenerated
AP-1 REs, depending on the type of cell line (47). However, the
doubling of transactivation observed in DT-40 when the AP-1(3)
RE was mutated may result from allosteric modifications, facili-
tating the binding of Ets proteins to the closely adjacent RE Ets(2),
shown to be functional in DT-40 cells (Fig. 3). These proteins
seem to play an important role in promoter activity, because mu-
tation of the Ets(2) RE decreased transcriptional activity by 75% in
DT-40 cells and 50% in MSB-1 cells; this difference between B and
T cells may be accounted for by the high levels of Ets family pro-
teins, including PU.1, in particular, in B lymphocytes (48, 49).

FIG 5 Effect of the gga-miR-21 on PDCD4 expression. (A) Alignment of
gga-miR-21 with the 3= UTR PDCD4 WT or 3= UTR PDCD4 mutant
(PDCD4mut) mRNA targets. (B) Efficacy of endogenous gga-miR-21 with the
PDCD4 3= UTR bearing a single miRNA responsive element (miRE) carrying
the predicted wild-type or mutant target. DT-40 cells were transfected with
pRL-TK vector harboring a wild-type or mutant target and with pcDNA-Mluc
for the standardization of transfection. Reporter activities were standardized
by determining the ratio of Renilla to firefly luminescence. For each luciferase
assay, relative luciferase activity was normalized with respect to the activity of
the pRL-TK vector carrying the mutant target. Each value corresponds to the
mean of three independent assays performed simultaneously. Error bars indi-
cate the SEMs of three replicates. (C) Western blot analysis of PDCD4 levels
after gga-miR-21 overexpression. MSB-1 cells were transfected with a pcDNA
vector that was either empty or encoded gga-miR-21. Each blot was probed
with rabbit anti-PDCD4 and mouse anti-GAPDH primary antibodies, fol-
lowed by goat anti-rabbit or rabbit anti-mouse IRE dye-conjugated secondary
antibody (Li-Cor). GAPDH was used as a control for equal protein loading.
Relative signal intensities for PDCD4 were calculated with respect to the in-
tensity for the GAPDH loading control with Adobe Photoshop element 6
software. The values indicated under the bands correspond to the level of
PDCD4 relative to that detected in control cells.
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Via its leucine zipper domain, Meq can form homodimers or
heterodimers with other bZIP proteins of the Jun/Fos family
(preferentially c-Jun). Both types of dimers are required for
GaHV-2-induced T lymphomagenesis: the Meq/Meq ho-
modimer as a transrepressor on MERE (MEq response ele-
ment, ACACA) and the Meq/Jun heterodimer as a transactiva-
tor on the AP-1 RE (6, 8, 50–52). The predicted MERE

repressor site, which, unlike the MERE of the pp14/38 pro-
moter (6), is located just downstream from the TSS (see Fig. S1
in the supplemental material), did not seem to be functional
(Fig. 3). Our data showing that the Meq protein can transacti-
vate the gga-miR-21 promoter by binding to AP-1 REs, essen-
tially AP-1(4) (Fig. 3, 4, and 7), provides evidence in favor of an
oncogenic role of the viral protein Meq. This role in on-

FIG 6 Effect of antagomiR-21 treatment on PDCD4 expression, cell growth, and apoptosis in the MSB-1 tumor cell line. (A) Effect of the antagomiR-21
treatment of MSB-1 cells on gga-miR-21 expression. We treated 2 � 106 MSB-1 cells with 200 pmol of LNA AS-miR-21 or AS-SCR for 24 h. Total RNA was
extracted, and RT-qPCR was performed to determine the levels of mature gga-miR-21. Each value was normalized with respect to that for U6 expression and is
expressed relative to the level of gga-miR-21 in MSB-1 cells treated with scrambled LNA. Each value is the mean of three independent assays performed
simultaneously. Error bars indicate the SEMs of three replicates. (B) Effect of the antagomiR-21 treatment of MSB-1 cells on PDCD4 expression. MSB-1 cells were
treated with antagomiR-21, as previously described, and cells were harvested for the analysis of PDCD4 levels by Western blotting. Each blot was probed with
rabbit anti-PDCD4 and mouse anti-GAPDH primary antibodies, followed by goat anti-rabbit or rabbit anti-mouse IRE dye-conjugated secondary antibody
(Li-Cor). GAPDH was used as a control for equal protein loading. Relative signal intensities for PDCD4 were calculated with respect to the GAPDH loading
control with Adobe Photoshop element 6 software. The values indicated under the bands indicate PDCD4 levels relative to those in control cells. (C) Effect of
antagomiR-21 treatment of MSB-1 cells on cell growth. We used 2 � 106 MSB-1 cells to seed cultures, which were treated for 24 h with antagomiR-21 or
scrambled LNA. The living cells were then counted. (D) Effect of gga-miR-21 on escape of MSB-1 cells from apoptosis. After antagomiR-21 treatment, the cells
were labeled with FITC-annexin V and with propidium iodide (PI) solution for the detection of apoptotic and dead cells, respectively. We analyzed 3 � 105 cells
from the R2 and R4 populations of cells treated with antisense miR-21 and with scrambled LNA, respectively. One representative experiment is presented.
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TABLE 2 Comparison of cellular miRNA signature from PBLs from uninfected chickens or chickens
infected with RB-1B and CVI988 by deep sequencinga

a Fold change in expression of cellular miRNAs in PBLs from uninfected chickens and chickens infected with RB-1B (PBLs
collected at 27 dpi) or CVI988 (PBLs collected at 29 dpi). Cellular frequencies for each miRNA were estimated, and fold changes
were calculated only for miRNAs with frequencies exceeding 0.1% in all three libraries. Overexpressed (green), unregulated
(black), and downregulated (red) miRNAs were arbitrarily defined as having fold changes of expression of �2, between 0.5 and
2, and below 0.5, respectively. Newly identified miRNAs are in bold typeface.
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comiR-21 overexpression can be added to the list of known
interactions of Meq with the host cell: (i) interaction with C-
terminal-binding protein (53), (ii) interference in Jun path-
ways (9), and (iii) activation of the cellular genes c-ski, CD30,
IL-2 and Bcl-2 (1, 6, 7, 9, 52). Finally, although other deregu-
lated microRNAs (miR-19b, miR-181a, let-7c, let-221) could
be involved in oncogenesis (22, 54–57), comparative analysis
based on data from the deep sequencing of small RNA libraries
supports the role of gga-miR-21 in GaHV-2-induced lym-
phomagenesis. Indeed, gga-miR-21 overexpression was ob-
served only in PBLs isolated from chickens infected with the
oncogenic RB-1B strain and not in PBLs from those infected
with the nononcogenic CVI988 strain (Table 2; see Fig. S2 in
the supplemental material). CVI988 Meq seems to be a weaker
transactivator of the gga-miR-21 promoter than RB-1B Meq
(Fig. 7), as previously reported for several cellular and viral
promoters (7, 41). However, we acknowledge that changes in
the transactivating properties of CVI988 Meq may not be the
only mechanism underlying the lower level of gga-miR-21 ex-
pression in CVI988-infected PBLs. The previously described
lower level of Meq in PBLs (38), the lower viral replication (58),
and other pathways may also be involved in gga-miR-21 regu-
lation in the context of CVI988 infection.

A noteworthy fact is that two other lymphotropic herpesvi-
ruses, HHV-4 and HHV-8, induce hsa-miR-21 expression via the
EBNA2 and K15 proteins, respectively (59, 60). This might con-
tribute to the transformation properties of these two viruses. Sim-
ilar mechanisms could be considered for GaHV-2 infection,
because the viral protein Meq induced the expression of gga-miR-
21, which seemed to target the chicken PDCD4 gene, involved in
apoptosis pathways (Fig. 5 and 6), as previously described in hu-
mans (61). As MSB-1 cells naturally express a high level of gga-
miR-21 (37), pri-miR-21 transfection of MSB-1 cells only moder-
ately modified PDCD4 expression (Fig. 6A), while the use of
antagomiR-21 induced a marked difference of PDCD4 expression
(Fig. 6B), supporting the involvement of gga-miR-21 in PDCD4
regulation. This slight regulation, as previously reported for anti-
miR-21 treatment in human papillomavirus-positive cells (62)
and for anti-miR-34a treatment in HCT cells (63), may contribute
to the escape from apoptosis and growth of MSB-1 tumor cells
(Fig. 6). Furthermore, a miR-21–PDCD4 –AP-1 feedback loop has
been described in humans (64, 65), suggesting that there may be

an analogous pathway in chicken and that the viral protein Meq
may trigger the deregulation of this autoregulatory feedback loop.
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